We have calculated partial final-state resolved radiative recombination (RR) rate coefficients from the initial ground and metastable levels of all elements up to and including Zn, plus Kr, Mo, and Xe, for all isoelectronic sequences up to Na-like forming Mg-like. The data are archived according to the Atomic Data and Analysis Structure (ADAS) data class adf48, which spans a temperature range of z 2 (10 1 − 10 7 ) K, where z is the initial ion charge. Fits to total rate coefficients have been determined, for both the ground and metastable levels, and those for the ground are presented here. Comparison is made both with previous RR rate coefficients and with (background) R-matrix photoionization cross sections. This RR database complements a DR database already produced and both are being used to produce updated ionization balances for both (electron) collisionally ionized and photoionized plasmas.
INTRODUCTION
Astrophysical and laboratory plasmas which are not in (local) thermodynamic equilibrium require a detailed modelling of their atomic and, sometimes, molecular reactions so as to determine the level populations and ionization balance of their constituents. These in turn are basic ingredients for the physical and spectral diagnostic modelling of stellar coronae, gaseous nebulae, supernova remnants, fusion plasmas, etc. At low particle densities, e.g. the 'coronal approximation', ionization balance is between total groundstate dielectronic-plus-radiative recombination and groundstate ionization by electrons and/or photons, while level populations are determined by collisional excitation from the groundstate and radiation to all possible lower states. As the particle density increases, a separation between the two is no longer possible and level populations, effective recombination & ionization rate coefficients and ionization balance are determined by solving the collisional-radiative population rate equations (Bates et al. 1962; Burgess & Summers 1969; Summers et al. 2006) . Furthermore, even at the low densities found in gaseous nebulae, for example, the populations of ions of C, N, O which have fine-structure levels in their ground term are not concentrated in the ground level. Recombination from excited levels within the ground term is quite different (smaller) compared to that for the ground level, due to the presence of additional autoionization pathways. Furthermore, transient plasmas such as solar flares do not have time to establish quasi-static equilibrium with the ground level and so require metastable levels (and the excited-state populations built upon them) to be treated on an equal footing as the ground level when it comes to collisional-radiative modelling (Summers & Hooper 1983) .
However, historically, total (zero-density) ground state recombination rate coefficients have dominated the literature -see, for example, those used by Shull & van Steenberg (1982) ; Arnaud & Rothenflug (1985) ; Péquignot et al. (1991) ; Arnaud & Raymond (1992) ; Mazzotta et al. (1998) . A systematic attempt to move beyond this picture has been described by , who focussed on dielectronic recombination but much of the discussion there is applicable to radiative recombination -deliberately so. Now, using autostructure (Badnell 1986 ), we have calculated partial final-state resolved radiative recombination (RR) rate coefficients from the initial ground and metastable levels of all elements up to and including Zn, plus Kr, Mo and Xe, for all isoelectronic sequences up to Na-like forming Mg-like. The data are archived according to the Atomic Data and Analysis Structure (ADAS) data class adf48 1 (Summers 2005). Fits to total RR rate coefficients have been determined, for both the ground and metastable levels, and those for the ground are presented here. All of the data are available online (Badnell 2006b ), along with corresponding data for DR (Badnell 2006a) .
Previous work on RR has been summarized by Mazzotta et al. (1998) . Since then, Gu (2003b) has presented RR rate coefficients obtained using his Flexible Atomic Code fac for Mg, Si, S, Ar, Ca, Fe, and Ni, for all isoelectronic sequences through to F-like forming Ne-like.
The time reversed process of RR (plus DR) is photoionization (PI), indeed, our RR is determined from our direct photoionization cross sections on using the principle of detailed balance. We make comparison of our groundstate-to-groundstate photoionization cross sections of neutral atoms with those obtained from various R-matrix calculations, by others, as the most severe test of our results. Similar R-matrix data has been used by Nahar and co-workers (e.g., Nahar 1999) to form total (DR+RR) rate coefficients, and we make a comparison with it by combining our RR data with complementary DR data (Badnell 2006a) .
The remainder of the paper is organized as follows: in Section 2 we describe our methodology, in Section 3 we present our results and make comparisons with the results of earlier works, and then make some concluding remarks.
METHODOLOGY

Theory
We use the independent processes approximation so as to treat RR and DR separately.
Interference between DR resonances and the RR background can safely be neglected, especially on integrating over resonance profiles (Pindzola et al. 1992) .
We use autostructure (Badnell 1986 ) to calculate multiconfiguration intermediate-coupling distorted-wave photoionization cross sections (Badnell & Seaton 2003) . These are converted to RR cross sections using detailed balance. For elements beyond Zn we use semi-relativistic radial functions in place of the non-relativistic ones used up until then (Pindzola & Badnell 1990 ).
Atomic Details
For each sequence, we used the same set of initial and final configurations as was done for (∆n = 0) DR , i.e., we included configuration mixing in the initial N -electron, and final N -or (N + 1)-electron complexes for RR outwith or into the initial complexes, respectively. Each inequivalent nl electronstate was treated separately. Radial functions were determined using the Slater-Type-Orbital model potential option of autostructure, which generates (slightly, in this case) non-orthogonal orbitals. We follow Cowan (1981) in not imposing orthogonality and assuming the overlaps to be zero or unity, as appropriate. This is more of an issue for inner-shell photoionization where large relaxation effects occur for L-shell orbitals following K-shell photoionization, see e.g., Gorczyca et al. (2006a) . For recombination/ionization to/from the ground complex we used the observed ionization potentials from NIST (v3). Energy adjustments were made to the diagonal of the LS-coupling Hamiltonian before recoupling to, and diagonalization of, the intermediate coupling Hamiltonian. Finally, to determine total RR and/or DR rate coefficients we sum over only final states which are stable against autoionization.
Numerics
Cross sections were calculated at zero electron energy and then on a z-scaled logarithmic energy mesh with 3-points per decade spanning (2.1 × 10
Ryd, where z is the charge of the ion before/after recombination/photoionization. Tests were also made using 5-points per decade. The length gauge is used at low energies, progressively and automatically switching to velocity and then acceleration as the energy increases so as to maintain numerical accuracy, but not before the succeeding gauge has converged to the preceding one. Cross sections at higher energies were determined by extrapolation as E −l−7/2 (for PI), where l is the orbital angular momentum of the bound orbital. Rate coefficients were determined over (10 1 − 10 7 )z 2 K and so are not particularly sensitive to the exact form used for the extrapolation of the cross sections. With many thousands of individual partial rate coefficients to be determined, a fast and accurate Mawellian convolution method is desirable. We use a variant of that due to Burgess (1964) , viz., a 5-point Newton-Coates quadrature on a doubling energy mesh, with a 4-point Lagrange interpolation formula to convert from the initial logarithmic energy mesh, completed by an exponential integral. By using a z-scaled minimum temperature we can use a fixed maximum value for the principal quantum number, viz., 1000, and orbital angular momentum, viz., 200. We use analytic hydrogenic radial integrals for l ≥ 4 making, use of the fast, accurate, recurrence relations of Burgess (1964) . All resultant partial RR rate coefficients are designed to be numerically accurate to 3 significant figures.
Database Details
The processing of photoionization cross sections from autostructure is carried-out using the adasrr code. The output of adasrr is similar in nature to the adasdr code used for DR , i.e. the ADAS adf48 file which it writes for RR is very similar in structure to the adf09 file for DR (Summers 2005) . Viz., for each initial level (ground-plus-metastables) there is a progressive bundling over final outer quantum numbers as n increases. Partial RR rate coefficients to lowlying levels (those with n ≤ 8) are fully J-resolved, then bundled-nl (n ≤ 10) and bundled-n (n < 1000), but each with a fully J c -resolved core. Finally, total RR rate coefficients are written for each specified initial ground and metastable level. The full set of RR data -partials (adf48 files) and totals (fit coefficients) -is available online (Badnell 2006b ), alongside the DR data (Badnell 2006a) , and it is also part of the ADAS distribution.
(OPEN ADAS, a public access version of ADAS is scheduled to come online in the Summer of 2006, sponsored and hosted by the International Atomic Energy Agency.) 2.5. The Fit Total RR rate coefficients, for both ground and metastable initial levels, are fitted to the usual functional form (Verner & Ferland 1996; Gu 2003b) 
where, for low-charge ions, B is replaced as
(2) Here, T 0,1,2 are in units of temperature (K) and the rate coefficient α RR (T ) is in units of cm 3 s −1 . (The units of A are also cm 3 s −1 , while B and C are dimensionless.) A non-linear least-squares fit was used to determine the coefficients (A, B, T 0,1 ; C, T 2 ). The fits are accurate to better than 1% over (10 1 − 10 7 )z 2 K for multiply charged ions, 5% for singly and doubly ionized, and have the correct asymptotic forms outside of this range.
RESULTS
Fit coefficients according to Equations (1) and (2) are presented in Table 1 for total groundstate RR rate coefficients for all elements up to and including Zn, plus Kr, Mo and Xe, for all isoelectronic sequences up to Nalike forming Mg-like. Partial final-state resolved RR rate coefficients for initial ground and metastable levels are archived as ADAS adf48 files (Summers 2005). Fits to total RR rate coefficients have been determined for initial metastable levels as well. All of the data are available online (Badnell 2006b ), along with corresponding data for DR (Badnell 2006a ).
Photoionization Cross Sections
The description of groundstate-to-groundstate photoionization of neutral atoms provides the most stringent test of the accuracy of our description of partial and high-temperature-total RR rate coefficients.
In Figure 1 we compare photoionization cross sections of neutral O for the transition O(
. We see that our autostructure results closely track the background R-matrix cross sections of Butler & Zeippen (1990) , to within 7%.
In Figure 2 we make a similar comparison for neutral Na. This is an interesting system since it features a Cooper minimum (Fano & Cooper 1968) . We see that our autostructure photoionization cross sections give a reasonable description of this feature, on comparison with the R-matrix results of Butler & Mendoza (1983) ; TOPbase, Cunto et al. (1993) .
Finally, in Figure 3 we look at the high energy behaviour of the Mg + photoionization cross section: we compare our energy-scaled autostructure cross sections with the Dirac-Hartree-Slater results of Verner & Yakovlev (1995) . We see that at the high energy cross sections of Verner & Yakovlev (1995) have still to reach their asymptotic form, of E −7/2 . Analysis of the fitting form and parameters of Verner & Yakovlev (1995) shows that it will not reach asymptopia until ∼ 10 6 Ryd, which appears unphysically high. Similar disagreement is seen in other low-charge Na-like ions, the effect decreasing with increasing residual charge.
Total Groundstate Rate Coefficients
In Figures 4 and 5 we illustrate an overview of total groundstate RR rate coefficients, viz. the Mg isonuclear sequence and the F isoelectronic sequence. The change in behaviour on moving from K-to L-and then M-shells is clearly seen in the former and the characteristic hightemperature bump at low-charges in the latter.
In Figure 6 we compare our F-like Ne and Mg rate coefficients from autostructure with those of Péquignot et al. (1991) and Gu (2003b) , respectively. The high-temperature limit on the validity of the simple functional form used by Péquignot et al. (1991) is a few times 10 4 K, but DR dominates thereon. The more general form, given by Equations (1) and (2), does not suffer from this limitation. The comparison with the results of Gu (2003b) for Mg illustrates the worst agreement found with his work, viz., about 10% in the vicinity of 5×10 4 K, and up to 20% at 10 8 K. In Figure 7 we compare our Ne-like Na and Mg rate coefficients from autostructure with those of Verner & Ferland (1996) .
The latter are based-on Opacity Project (TOPbase, Cunto et al. 1993 ) R-matrix background photoionization cross sections at low energies and the Dirac-Hartree-Slater ones of Verner & Yakovlev (1995) at higher energies. We have already seen the agreement between our low energy (groundstate) neutral Na photoionization cross sections and those from R-matrix -those for Mg + show good agreement as well (not shown). We noted also that the high energy DiracHartree-Slater results lie above those from autostructure. But, here, we see that the high temperature RR rate coefficients of Verner & Ferland (1996) lie below our results -RR into the 3s dominates at high temperatures -which is puzzling. However, the rise of DR at 10 5 K postpones significant disagreement in the (DR+RR) total until ∼ 10 7 K. In Figure 8 we compare our Mg + rate coefficients from autostructure with the RR of Aldrovandi & Péquignot (1973) (and used again by Shull & van Steenberg 1982, without modification) and which still form the basis of recommended data for this ion (Mazzotta et al. 1998) . Our RR results are 70% and a factor of 3 larger at 10 3 and 10 4 K, respectively, but DR dominates at the latter temperature while it is negligible at the former. The results of Aldrovandi & Péquignot (1973) make use of very restricted (near-threshold) photoionization cross section measurements by Ditchburn & Marr (1953) . This new rate coefficient changes the ionization balance of Mg in many photoionized plasmas, and affects Mg II emissivities noticeably (Ferland 2006) , for example.
Finally, in Figure 9 we compare total (DR+RR) rate coefficients from autostructure for O 2+ with the Rmatrix results of Nahar (1999) . We also show separately the contribution from the present RR rate coefficients and the DR ones of Zatsarinny et al. (2004a) , taken from Badnell (2006a) . At the high temperature peak (2 × 10 5 K) the results of Nahar (1999) lie about 8% above the present ones, and remain constantly so thereon. Below about 2 × 10 4 K the contribution from fine-structure DR separates the two results. The calculations of Nahar (1999) were carried-out in LS-coupling and so this is absent and her results track our RR results to within a few percent.
Total Metastable Rate Coefficients
In Figure 10 we present total rate coefficients from the ground and metastable levels of
. Fine structure splitting in the 3 P J ground term only starts to affect RR at very low temperatures (∼ 30% at 100 K). This is in contrast to DR where the lower two levels are strongly enhanced by the fine-structure pathway(s) open to them while the upper level only has a small low temperature peak which never exceeds the RR contribution. RR onto excited terms is reduced distinctly by autoionization, compared to that for levels within a term. The 1 D 2 and 1 S 0 contributions are similarly sized, both for RR and the high temperature DR peak (at 10 5 K). The 5 S 2 RR contribution is the smallest but its high temperature DR peak exceeds that of the 1 D 2 and 1 S 0 initial states. The widely varying behaviours of DR and RR for ground and metastable levels is then reflected similarly in the temperature dependence of the (DR+RR) total recombination rate coefficients (not shown).
Partial Rate Coefficients
In Figures 11 and 12 Badnell (2006a) . As in the case of totals, we see that the partial DR is enhanced below ∼ 1000 K by fine-structure transitions. The (LS-coupling) R-matrix results of Nahar (1999) (2001) is based-on the effective recombination rate coefficient of Storey (1994) , whose calculations were carried-out in LS-coupling. We note (not shown) only a ≈ 10% enhancement of the zerodensity non-cascade partial sum (RR+DR) at 10 4 K, on going from LS-to intermediate-coupling. This enhancement becomes a factor of two down at 10 3 K, but it is probably too low a temperature to help resolve the discrepancy in the Ring Nebula. Interestingly, our partial sum (DR+RR) rate coefficient to 2s 2 2p 2 3p 4 D agrees to about 10% with the λ4661 effective recombination rate coefficient of Storey (1994) , over the temperature range of 5 × 10 3 − 2 × 10 4 K for which he tabulates results. Since density effects are negligible for this line and the branching ratio for 3p 4 D to 3s 4 P is approximately unity, we infer that the cascade correction is not large. Work on a detailed revised λ4661 effective recombination rate coefficient is in progress (Storey 2006).
CONCLUDING REMARKS
We have outlined the database of RR rate coefficients which we have established using autostructure. Although we have highlighted some differences from previous results which we have observed, the bulk of the groundstate total data is in good accord with the extant. It is hoped that the availability of comprehensive partial final-state resolved and metastable totals will stimulate the advanced modelling of non-equilibrium astrophysical plasmas, viz., dynamic, finite-density. Together with complementary data for DR, new ionization balances are already being determined for both (electron) collisional (Bryans et al. 2006 ) and photoionized (Ferland 2006) -Total rate coefficients from the ground and metastable levels of O 2+ ( 3 P 0,1,2 , 1 D 2 , 1 S 0 , 5 S 2 ). Solid curves, RR, top-to-bottom at 10 5 K corresponds to increasing initial energy metastable; dashed curves, DR from levels of the ground term, top-to-bottom corresponds to increasing initial energy metastable; dotted curves, DR from the excited terms, bottom-to-top at 10 5 K corresponds to increasing initial energy metastable. All DR taken from Badnell (2006a) (1) and (2). Z denotes the nuclear charge and N the number of electrons on the ion before recombination. a Note, x.y(n) denotes x.y × 10 n .
